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Introduction
Metastasis and invasion, as well as development, remodeling and wound repair, all depend upon collective cellular migration. Rather than moving individually, cells tend to migrate collectively in sheets, ducts, strands and clusters (Friedl and Alexander, 2011; Friedl and Gilmour, 2009; Weber et al., 2012) . Collective cellular migration is poorly understood, however, and has been highlighted as being among the 10 greatest unsolved mysteries in all of biology (Editors, 2011) . Here we begin with consideration of intercellular physical forces and their role in cell biology, which in recent years has come to be called the field of mechanobiology (Discher et al., 2009) , and then go on to speculate about collective phenomena viewed through a prism borrowed from recent advances in understanding dynamics of inert soft condensed matter. In particular, we address dynamic heterogeneity, cooperativity, and kinetic arrest, and then argue for a synthesis of these largely unappreciated properties into a new physical picture.
Attention is restricted to the cases of the epithelial or endothelial monolayer.
The traditional reductionist view holds that cooperative cellular events are mediated at the level of the local cell-cell interaction through the agency of a spectrum of physical factors that include cell-generated forces, cell recognition, polarization, selective affinity, and differential adhesion together with gradients of morphogens and phase-gradient encoding of gene oscillations (Steinberg, 1970; Foty and Steinberg, 2005; Steinberg, 2007; Wartlick et al., 2011; Lauschke et al., 2012; Keller, 2012) . Cell motility then provides the mechanical agitation that is required for the system to overcome cohesive energy barriers and thus explore various configurational possibilities before ultimately stabilizing into a favorable final state (Keller, 2012) . Physical forces in question ( Fig. 1) include those supported by cytoskeleton (not shown), those exerted across adhesions between the cell base and its substrate (red arrows), and those exerted across each junction between a cell and its immediate neighbors (Weber et al., 2012) (blue arrows). Since the time of D'Arcy Thompson (1942) if not earlier, physical forces such as these operating at the cellular level have been recognized as being fundamental to biological form and function, but for almost as long the forces themselves have remained virtually hidden from view. 
Dynamic heterogeneity
To fill that gap, experimental methods recently developed make these hidden forces visible and even resolve forces exerted across the cell-cell junction into distinct normal (tensile) versus shear components (Ladoux, 2009; Trepat and Fredberg, 2011; Tambe et al., 2011; Krishnan et al., 2011; Angelini et al., 2010 Angelini et al., , 2011 Trepat et al., 2009) . Surprisingly, even in a homogeneous monolayer these measurements reveal dynamic heterogeneities that are striking. Within the monolayer, intercellular forces fluctuate rather severely in space and in time, but are tied neither to any particular position within the monolayer nor to any particular cell (Tambe et al., 2011; Angelini et al., 2011; Garrahan, 2011) The heterogeneity is dynamic, therefore, not structural (Angelini et al., 2010 Garrahan, 2011) . If at any instant the intercellular tension is mapped in relief across a homogeneous monolayer, the topography is reminiscent of neither the planes of Kansas nor the rolling hills of Vermont as much as the rugged landscape of the Himalayas (Fig. 2) . The rugged peaks that define the stress landscape arise from cooperativity across clusters of roughly 10-50 cells and thereby account for the cooperative motion of cell packs; over that scale, super-cellular force chains, or force clusters, pull cohesively, coherently, and cooperatively (Tambe et al., 2011; Angelini et al., 2011) .
Because the field of intercellular stress need not be isotropic, an ellipse is sometimes used to represent schematically the local state of cellular stress within the monolayer plane (Fig. 2) . In that case local stress anisotropy corresponds to the departure of each ellipse from circularity, where the major axis of each ellipse corresponds to the maximal principal stress, and the minor axis corresponds to the minimal principal stress. Local principal stress orientations are defined by the orientation of each ellipse. Local tension is the sum of the two principal radii of each ellipse. Much as in a weather map, clearly evident in Fig. 2 are strong heterogeneity across the monolayer and strong local cooperativity spanning many cells.
Cooperativity
While the stress landscape is rugged and the associated heterogeneity is dynamic, certain systematic relationships emerge. In particular, there is a strong tendency for local cellular migration velocity (red arrows, Fig. 2 ) to follow the local orientation of the maximal principal stress, i.e., the orientation of the stress ellipse.
This tendency, called plithotaxis, is a potent mechanism of collective cell guidance and is mediated through the agency of local intercellular stresses exerted between neighboring cells across mutual cell-cells junction Tambe et al., 2011) . For example, consider the monolayer comprising epithelial breast-cancer MCF10A cells (Tambe et al., 2011) , and let ϕ be the angle of the local migration velocity relative to the orientation of the local maximal principal stress, where the distribution of ϕ is represented as a rose of directions (Fig. 3) . Averaged over the entire monolayer, the angular distribution of ϕ is clustered strongly around zero degrees, indicating that local principal stresses and local migration velocities are strongly aligned. When MCF10A cells overexpress the oncogene ErbB2/ HER-2/neu, which promotes proliferation and leads to even more cellular crowding, the distribution of ϕ becomes even narrower, indicating that plithotaxis has become enhanced and cell guidance has become even stronger. By contrast, when MCF10A cells overexpress the oncogene 14-3-3ζ, which decreases expression of cellcell junctional markers, the distribution of ϕ broadens, indicating that plithotaxis has become attenuated and cell guidance has been lost, and much the same loss of cell guidance is caused by calcium chelation or by E-cadherin antibodies (Tambe et al., 2011) . Together, these observations suggest that plithotaxis rests on cooperativity of mechanical stresses across many cell-to-cell junctions.
Kinetic arrest
Dynamic heterogeneity and associated cooperativity show interesting dependencies on cellular density and other factors. As cellular density in an expanding monolayer sheet increases as a result of proliferation, and cells therefore become increasingly crowded, cooperative packs become progressively bigger and slower (Fig. 4) . And as cellular crowding approaches some critical threshold, relative motion of neighboring cells slows dramatically and spatial cooperativity of these motions expands. These changes in dynamics need not be accompanied by discernible alteration in cellular structure, however. The basic notion is that with more crowding each cell can become increasingly caged by its neighbors (Tambe et al., 2011; Angelini et al., Fig. 1 . Cells use a tug-of-war mechanism to integrate local tractions (red) into longrange gradients of intra-and inter-cellular tension (blue). Tension in the monolayer reflects the spatial accumulation, or pile-up of traction forces. Equivalently, the local traction force is the spatial derivative of the intercellular stress. Reprinted with permission from Trepat and Fredberg (2011) . Fig. 2 . Malleable cells trek a rugged stress landscape and make for a resilient monolayer. Cellular migrations (red arrows) follow stress orientations (blue ellipses) over a rugged stress landscape (colored topography denotes local tensile stress). Cell navigation on this scale-plithotaxis-is innately collective, strongly cooperative, and dynamically glassy. Reprinted with permission from Tambe et al. (2011). 2011; Garrahan, 2011; Serra-Picamal et al., 2012) . And as the effects of caging become progressively stronger, it becomes increasingly difficult for rearrangements amongst neighboring cells to occur without the necessity for many cells to rearrange in some mutually cooperative fashion that causes fluctuations to ripple across the monolayer (Serra-Picamal et al., 2012) . Because there are increasingly large regions over which cells have to move in a cooperative manner, rearrangements within cell packs must become increasingly cooperative, bigger and slower, as well as more intermittent. Such a remarkable growth in time scale and length scale manifests as a transition of the monolayer from a fluid-like to a solid-like state. A jammed system is said to be solidlike because, within the experimental time scale, it can resist applied stress by deforming elastically, as do coffee beans that become jammed in a chute, whereas an unjammed system will always flow Tambe et al., 2011; Angelini et al., 2011; Garrahan, 2011; Bi et al., 2011; Vitelli and van Hecke, 2011) . In inert soft condensed matter, similar behavior is called kinetic arrest.
An analogy
In the study of inert soft condensed matter, the observations of spontaneous intermittent fluctuations, dynamic heterogeneity, cooperativity, force chains, and kinetic arrest, when taken together, comprise the hallmarks of approach to a so-called glass transition that is thought to be associated with jamming (Garrahan, 2011; Bi et al., 2011; Vitelli and van Hecke, 2011; Trappe et al., 2001; Liu and Nagel, 1998; Liu et al., 1995 Liu et al., , 2008 . Although jamming remains contentious and poorly understood, the concept has risen to prominence because it promises to unify understanding of a remarkably wide range of soft materials that include foams, pastes, colloids, slurries, suspensions, clays, and even in some instances granular matter like coffee beans in a chute, which can flow in some situations but jam in others.
The dynamics of the cellular collective comprising a monolayer are reminiscent of all these same hallmarks. Strikingly, these dynamics even conform quantitatively to the so-called AvramovMilchev equation describing the rate of structural rearrangements Fig. 3 . Plithotaxis, a mechanism of collective cell guidance in monolayers of breast-cancer model systems. Phase contrast image of nontransformed human mammary epithelial cell line, MCF10A, control or vector, cells overexpressing ErbB2, and 14-3-3ζ. The angle ϕ defines the orientation between the maximal principle stress and the migration velocity. In each case, the histogram of ϕ is plotted as a rose of directions. Adapted with permission from Tambe et al., (2011) . Fig. 4 . MDCK cells within a confluent monolayer migrate in a spatially heterogeneous manner (A, B). The average area of contiguous regions of the fastest velocity vectors defines ξ h , the area of dynamic heterogeneities (B, white regions). As cell density rises, ξ h grows from an area of about 10 cell bodies to 30 cell bodies (C). The average migration speed of cells within the entire field of view, v, decreases with increasing cell density (D). (Scale bar, 100 μm.). Reprinted with permission from Angelini et al. (2011) . , and demonstrate growing scales of length and time as quantified using the more rigorous four-point susceptibility (Tambe et al., 2011; Berthier et al., 2005) . Indeed, in both inert and living condensed systems, dynamics are constrained by many of the same physical factors, and, as such, the proposition of cell jamming might be not so unreasonable. For example, concerning the basic unit, whether a living cell, a foam bubble, a colloidal particle, or a coffee bean, these factors include volume exclusion (two particles cannot occupy the same space at the same time), volume (size) (Zhou et al., 2009) , deformability (Mattsson et al., 2009) , mutual crowding, mutual caging (Schall et al., 2007; Segre et al., 2001) , mutual adhesion/repulsion (Trappe et al., 2001) , and imposed mechanical deformation (stretch or shear) (Trepat et al., 2007; Krishnan et al., 2009; Oliver et al., 2010; Wyss et al., 2007) . In a monolayer, it is easy to imagine that cells might become freer to move as their size, crowding, stiffness or mutual adhesion become less, or as their motile forces or imposed stretch become more. Conversely, it is easy to imagine that as adhesion or crowding progressively increases, or as motile forces progressively decrease, cellular rearrangements might become progressively slowed, cooperativity would increase, and, eventually, the monolayer would become topologically frozen and all cells would be caged by their neighbors (Ladoux, 2009; Tambe et al., 2011; Trepat et al., 2009; Angelini et al., 2011; Angelini et al., 2010; Garrahan, 2011) . As such, it is reasonable to ask if the jamming hypothesis might unify within one mechanistic framework the effects of diverse biological factors previously considered to be acting more or less separately and independently.
A speculation: the jamming phase diagram
Generalizing from the literature of inert soft matter (Trappe et al., 2001; Liu and Nagel, 1998) , these effects in the living systems might be imagined to play out within a hypothetical jamming phase diagram (Fig. 5) . In this diagram we represent on one axis cellular crowding, here expressed as the reciprocal of cellular density. In this manner, infinite cellular density is mapped to the origin. On another axis we represent cell-cell adhesion, again expressed as a reciprocal so that the case of infinitely sticky cells is again mapped to the origin. On yet another axis we map the effects of cell motile forces. Still other axes are certainly imaginable and probably necessary, but are not shown, such as imposed stretch or shear loading (Trepat et al., 2007; Krishnan et al., 2009 ), cellular volume (Zhou et al., 2009) , cellular stiffness (Mattsson et al., 2009) , and substrate stiffness Angelini et al., 2010) . In this imagined multi-dimensional space, the origin, and regions near the origin, are necessarily jammed, and rearrangements are impossible because each cell is totally caged by its neighbors, or glued to its neighbors, or possesses no driving motile force. But away from the origin, especially along certain trajectories, structural rearrangements become increasingly possible. For example, stretch, apoptosis, or extrusion of cells from the monolayer (Eisenhoffer et al., 2012) would decrease cellular density, and as density becomes small enough the system might tend to unjam. Similarly, as adhesive interactions become small enough, or as stretch becomes large enough to disrupt adhesions, the system would be expected to unjam. And when motile forces become large enough, individual cells can pull away and dissociate from other cells, become loose and disaggregated and the system unjams.
If we re-examine the example of MCF10A cells through this lens we see that over-expression of ErbB2, which promotes proliferation and cell crowding, might be imagined to push the system even closer to a glassy and jammed state, whereas overexpression of 14-3-3ζ, which degrades cell-cell junctions, moves the system away from jamming and thereby fluidizes the system (Fig. 5) . Another example would be scattering of MDCK cells induced by hepatocyte growth factor (HGF), which involves disruption of cadherin-dependent cell-cell junctions in a manner that is dependent upon integrin adhesion as well as phosphorylation of the myosin regulatory light chain (de Rooij et al., 2005) . But these individual observations each fit nicely within this jamming phase diagram, with cells that are less jammed breaking from the pack to scatter.
Bridging biology and physics
Rather than just the binary possibilities of jammed vs. unjammed states, elaboration of the jamming phase diagram in inert systems demonstrates fragile intermediate states with potentially no less relevance to biology of the monolayer (Bi et al., 2011; Vitelli and van Hecke, 2011) . If true, the jamming hypothesis would imply that specific events at the molecular scale necessarily modulate and respond to cooperative heterogeneities caused by jamming at a much larger scale of organization, but specific events at the molecular scale could never by themselves explain these cooperative large-scale events (Fig. 5) . This perspective neither minimizes specific molecular events nor ignores them, but rather seeks to set them into an integrative framework that is reminiscent of the remarks of C.P. Snow upon first seeing the periodic table. Snow famously noted, "For the first time I saw a medley of Fig. 5 . Hypothetical jamming phase diagram for the cellular monolayer. As cells express more mutual crowding, more mutual adhesion, or less myosin-dependent motile force, associated coordinates in phase space move progressively closer to the origin and the monolayer state becomes increasingly jammed. Transition toward a jammed state and resulting glassy dynamics is depicted by the hypothetical shaded surface. Arrow-heads depict the migration speed and migration direction of individual cells. Colors depict cell clusters (packs) that move collectively. Vector: Cells in the control state (MCF10A-vector) exist close to but just outside the jamming transition, where cells move in packs that become progressively larger and slower as the jamming transition is approached (Tambe et al., 2011; Angelini et al., 2011; Angelini et al., 2010) . Local orientation of cell migration corresponds closely to the local orientation of maximal principal stress (not shown); this mechanism of cell collective guidance is called plithotaxis Tambe et al., 2011) . Overexpression of oncogene ErbB2: As cells proliferate and crowd more densely, cell packs become progressively larger and slower, and plithotaxis becomes amplified. Overexpression of oncogene 14-3-3ζː As cell-cell junctions lose cadherin-dependent adhesion, the monolayer becomes fluidized and unjammed, collectivity is lost and plithotaxis is ablated. Adapted from (Trappe et al., 2001; Liu and Nagel, 1998). haphazard facts fall into line and order. All the jumbles and recipes and hotchpotch of the inorganic chemistry of my boyhood seemed to fit themselves into the scheme before my eyes -as though one were standing beside a jungle and it suddenly transformed itself into a Dutch garden." For understanding the hotchpotch of factors impacting collective cellular migration, the jamming phase diagram is unlikely to provide a framework that is similarly transformative but, nonetheless, may unify certain physical features and provide an intriguing guide for thought.
In the context of monolayer biology, the physical perspective of cell jamming leads logically to biological questions not previously considered. In physiology, does the epithelial monolayer tend to form a solid-like aggregated sheet -with excellent barrier function and with little possibility of cell invasion or escape -because constituent cells are jammed (Eisenhoffer et al., 2012) ? In pathophysiology, do certain cell populations become fluid-like and permissive of paracellular leak, transformation, cell escape or invasion because they become unjammed? Do pattern formation and wound healing require cell unjamming (Serra-Picamal et al., 2012) ? If so, what is the nature of the critical physical threshold? What are the signaling events and resulting physical changes that promote or prevent cell jamming? Conversely, at the level of gene expression and cell signaling, what are the signature effects of cell jamming? In this connection, force-dependent thresholds and novel pathways that control cell polarization have been recently reported (Weber et al., 2012; Prager-Khoutorsky et al., 2011) , but do these same thresholds and pathways pertain in collective processes? Moreover, human trials targeting adhesion molecules to slow tumor progression have proven to be ineffective, and this disappointment has been interpreted as reflecting that migration events are somehow reprogrammed -by mechanisms that remain undefined -so as to maintain invasiveness via morphological and functional dedifferentiation (Friedl and Gilmour, 2009; Friedl et al., 2004; Friedl and Wolf, 2003; Rice, 2012) . Without excluding that possibility, might jamming allow for the alternative possibilities that certain tumor cell subpopulations may unjam, awake from dormancy and thus evolve so as to maintain invasiveness by selection for tradeoffs among adhesive interaction, compressive stress, and cyclic deformation? Each of these questions spans physics and biology and, with tools currently in hand, it is conceivable that these questions can now be broached.
